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Clinical PerspectiveWhat is New?Using several animal models, in vitro and human studies, we identified *LCN2* as a central gene in the developmental origins of cardiac hypertrophy leading to heart failure.Increased LCN2 expression has defined effects of cardiomyocyte proliferation and hypertrophy that might explain cardiac hypertrophy and is likely to reflect chronic activation of inflammatory pathways.What are the Clinical Implications?The experimental effects of LCN2 on cultured cardiomyocytes and in hearts of neonatal animals need to be corroborated in clinical studies of relationships between LCN2, heart size, and, if possible, cardiomyocyte numbers.LCN2 could be targeted as a therapeutic target and also developed as an early marker for cardiac hypertrophy and heart failure.

Introduction {#jah32297-sec-0008}
============

Cardiac hypertrophy is, after age, the single most important risk factor for cardiovascular death,[1](#jah32297-bib-0001){ref-type="ref"} often as a result of heart failure. Hypertrophic remodeling of the heart is usually in response to increased workload, and the response to such stress has been shown to involve inflammatory pathways.[2](#jah32297-bib-0002){ref-type="ref"}, [3](#jah32297-bib-0003){ref-type="ref"}, [4](#jah32297-bib-0004){ref-type="ref"} Indeed, chronic inflammatory processes have been implicated not only in response to stress, but also more generally as primary etiological factors in cardiovascular disease (CVD).[5](#jah32297-bib-0005){ref-type="ref"} Cardiovascular remodeling depends on refashioning the interstitium, and inflammation stimulates molecules, such as matrix metalloproteinase‐9 (MMP9), that degrade the interstitial matrix.[6](#jah32297-bib-0006){ref-type="ref"} MMP9 levels have been associated with cardiovascular disease prognosis,[7](#jah32297-bib-0007){ref-type="ref"} and MMP9 is stimulated by the protein lipocalin‐2 (LCN2), also known as neutrophil gelatinase‐associated lipocalin (NGAL).[8](#jah32297-bib-0008){ref-type="ref"}, [9](#jah32297-bib-0009){ref-type="ref"} LCN2 levels have been used to reflect tissue damage, particularly of the kidney, but more recently also for CVD manifestations,[10](#jah32297-bib-0010){ref-type="ref"} including hypertensive cardiac hypertrophy,[11](#jah32297-bib-0011){ref-type="ref"} coronary artery disease[12](#jah32297-bib-0012){ref-type="ref"} and acute heart failure.[13](#jah32297-bib-0013){ref-type="ref"} LCN2 has also been associated with long‐term mortality following acute heart failure, independent of renal function.[14](#jah32297-bib-0014){ref-type="ref"} However, it is unclear whether LCN2 is simply a marker of an inflammatory process or capable of direct effects on the heart that might contribute to cardiac hypertrophy and failure.

In this study, we investigated the association of LCN2 with concentric cardiac hypertrophy in genetic and environmental experimental models and in relation to the normal variation of human heart size and cardiac hypertrophy in diabetes mellitus. We examined transcriptional associations with LCN2 and identified genetic polymorphisms influencing *LCN2* expression. We determined the direct cellular effects of LCN2 in cultured cardiomyocytes. Our findings reveal increased LCN2 levels as a consistent association with cardiac hypertrophy in a variety of models and human cohorts, and our in vitro studies support a direct role for LCN2 in the origins of cardiomyocyte hypertrophy and reduced cardiomyocyte proliferation.

Methods {#jah32297-sec-0009}
=======

Detailed methods are available in the Data [S1](#jah32297-sup-0001){ref-type="supplementary-material"}.

Genetic Model of Cardiac Hypertrophy and Heart Failure {#jah32297-sec-0010}
------------------------------------------------------

The hypertrophic heart rat (HHR) is a normotensive inbred polygenic model of adult cardiac hypertrophy, heart failure, and premature death generated by us (Prof Stephen Harrap and Prof Lea Delbridge, University of Melbourne, Melbourne, Parkville, Australia).[15](#jah32297-bib-0015){ref-type="ref"} HHRs have a reduced endowment of cardiomyocytes from very early life, a situation predisposing to hypertrophy and failure in later life.[15](#jah32297-bib-0015){ref-type="ref"}, [16](#jah32297-bib-0016){ref-type="ref"} Aged‐matched male animals were sampled during the following periods: neonatal (postnatal day 2, n=11 HHR, n=10 Normal Heart Rat \[NHR\]), adolescent (4 weeks old, n=4 HHR and n=4 NHR for cardiomyocyte isolation), young adult (13 weeks old, n=7 HHR, n=7 NHR; 35 weeks old, n=8 NHR, n=11 HHR), and old adult (50 weeks old, n=11 HHR, n=10 NHR).

Animals were euthanized by decapitation (neonatal) or with an overdose of pentobarbitone (Lethobarb; adult animals). The heart was immediately removed, and ventricles were dissected from the atria. Cardiac weight index (mg/g) was calculated from the total heart weight (mg) relative to total body weight (g) of the animal. The studies involving animals were approved by the Animal Ethics Committee of Deakin University and the University of Melbourne and ratified at Federation University Australia. They were performed according to the "Code of Practice for the Care and Use of Animals for Scientific Purposes" from the National Health & Medical Research Council of Australia.

Rat Microarray Experiments {#jah32297-sec-0011}
--------------------------

RNA was extracted from the left ventricle of 2‐day‐old HHRs and NHRs (n=8/group, no pooling), and Affymetrix GeneChip Rat Gene 1.0 ST Arrays (Affymetrix, Santa Clara, CA) was used to assess genes differentially expressed with the assistance of the Ramaciotti Centre for Gene Function Analysis. The data set obtained has been deposited in the National Center for Biotechnology Information Gene Expression Omnibus database according to Minimum Information About a Microarray Experiment guidelines with series accession number [GSE38607](GSE38607). Differentially expressed genes were identified using a 2‐sample *t* test in the Partek Genomics Suite (version 6.6; Partek Inc, Chesterfield, MO), with Bonferroni‐adjusted *P*\<0.05 and fold difference higher than 2.

*Lcn2* mRNA and Protein Levels in Models of Cardiac Hypertrophy and Heart Failure {#jah32297-sec-0012}
---------------------------------------------------------------------------------

Primers and conditions used for all real‐time quantitative PCR (qPCR) are shown in Table [S1](#jah32297-sup-0001){ref-type="supplementary-material"}. Amplification reactions used the SensiFast SYBR Low‐ROX Kit qPCR reagent system (Bioline Reagents Ltd, London, UK) in a Viia7 qPCR instrument (Life Technologies, Life Technologies, Carlsbad, CA). Immunohistochemistry was performed using an anti‐LCN2 Rabbit Polyclonal antibody (1:200 dilution, TA322583; OriGene Technologies, Rockville, MD), followed by the EnVision+System‐HRP. Western blots were performed as previously described[17](#jah32297-bib-0017){ref-type="ref"} using anti‐LCN2 Rabbit Polyclonal antibody or β‐actin (Cell Signaling Tecnology, Danvers, MA). Lcn2 plasma and left ventricle (LV) protein levels were measured by ELISA in duplicates in neonatal and adult HHR and NHR using the Lipocalin‐2 Rat ELISA Kit (Abcam, Cambridge, UK) according to the supplier. Sanger sequencing was used to sequence 10 000 base pairs (bp) before and 2000 bp after the Lcn2 gene in the HHR and NHR (Table [S1](#jah32297-sup-0001){ref-type="supplementary-material"}).

Lcn2‐Knockout {#jah32297-sec-0013}
-------------

Whole body and heart size of adult (12‐ to 13‐week‐old) Lcn2‐KO (n=6) and age‐matched wild‐type mice C57BL/6 (n=4), generously donated by Prof Alan Aderem (Institute for Systems Biology, University of Washington, Seattle, WA), were measured upon death, and cardiac weight index was calculated as described above.

Intrauterine Growth Restriction Rat Model {#jah32297-sec-0014}
-----------------------------------------

An environmental model of cardiac hypertrophy was developed using Wistar Kyoto rats by intrauterine growth restriction, induced by uteroplacental insufficiency on day 18 of pregnancy (term being 22 days), was also investigated.[18](#jah32297-bib-0018){ref-type="ref"}, [19](#jah32297-bib-0019){ref-type="ref"} Six‐month‐old operated female and male rats (n=9) were compared to Wistar Kyoto female and male sham rats (n=16).

In Vitro Experiments {#jah32297-sec-0015}
--------------------

The pExpress vector containing the cDNA for the rat Lcn2 (2 ng/mL, MRN1768‐98079404; Thermo Fisher Scientific, Waltham, MA) or empty vector (pExpress) were transfected into rat embryonic ventricular myocardial cells (H9c2) using Lipofectamine 2000 (Life Technologies). We counted the number of cells by hemocytometry with the use of the Countess Automated Cell Counter (Life Technologies). Wheat germ agglutinin and Hoechst staining was used to measure cell size,[20](#jah32297-bib-0020){ref-type="ref"} and phospho‐histone H3 staining was used to determine cell proliferation.[20](#jah32297-bib-0020){ref-type="ref"} Apoptosis was investigated by flow cytometry using an Annexin‐V: FITC Apoptosis Detection Kit I. All in vitro experiments were independently repeated 3 times, each time in triplicates.

RNA‐Sequencing and Molecular Pathways {#jah32297-sec-0016}
-------------------------------------

RNA was extracted from Lcn2‐KO mice and cells transfected with Lcn2 plasmid for 48 hours (and respective controls). RNA from 3 samples of each group was sent to RNA‐sequencing at the Australian Genome Research Facility using the Illumina HiSeq platform (v3 chemistry 100 bp paired‐end sequencing). Each sample was considered an individual sample and no pooling was performed. Analysis of differential expression was performed in the R statistical programming environment (version 3.1.0) using Rsubread (version 1.14.2) and edgeR (version 3.6.8) Bioconductor packages (Table [S2](#jah32297-sup-0001){ref-type="supplementary-material"}).[21](#jah32297-bib-0021){ref-type="ref"} *P* values were adjusted for multiple testing using the Benjamini‐Hochberg correction with a false discovery rate \<0.05. Gene ontology enrichment analysis was performed on filtered lists of differentially expressed genes to ask which pathways were enriched in genes differentially expressed.

Human Echocardiography Measurements {#jah32297-sec-0017}
-----------------------------------

Briefly, 114 individuals with echocardiographic measures were selected from a prospective cohort of type 2 diabetic subjects[22](#jah32297-bib-0022){ref-type="ref"} whose basic characteristics are shown in Table [S3](#jah32297-sup-0001){ref-type="supplementary-material"}. In addition, subjects with echocardiographic measures from the Young Finns Study (YFS) analyzed, shown in Table [S4](#jah32297-sup-0001){ref-type="supplementary-material"}. The YFS is a longitudinal population‐based study of 3596 individuals recruited during childhood in 1980.[23](#jah32297-bib-0023){ref-type="ref"} Genome‐wide genotype data, transcriptome‐wide microarray profiling, C‐reactive protein (CRP), glycoprotein acetylation (GlycA), and echocardiographic measurements were available for different subsets of 2064 individuals aged 34 to 48 years, participating in the 2011 follow‐up study.[24](#jah32297-bib-0024){ref-type="ref"}, [25](#jah32297-bib-0025){ref-type="ref"}, [26](#jah32297-bib-0026){ref-type="ref"}, [27](#jah32297-bib-0027){ref-type="ref"} The cohort studies complied with the Declaration of Helsinki and were approved by the human ethics committee at each institution. All subjects gave informed consent.

In both cohorts, echocardiographic examinations were performed using transthoracic echocardiography by an Acuson Sequoia 512 (Acuson, Mountain View, CA) with a 3.5‐MHz scanning frequency phased‐array transducer. From the ultrasound images, LV structure, systolic, and diastolic function were measured following the guidelines of the American Society of Echocardiography, as previously described.[28](#jah32297-bib-0028){ref-type="ref"}, [29](#jah32297-bib-0029){ref-type="ref"} Cardiac hypertrophy was defined as LV mass indexed to the body surface of \>95 g/m^2^ in women and \>115 g/m^2^ in men.[30](#jah32297-bib-0030){ref-type="ref"} E/E′‐ratio was calculated using the average values of lateral and septal e′ velocity.[29](#jah32297-bib-0029){ref-type="ref"}

Human Plasma LCN2 Measurement {#jah32297-sec-0018}
-----------------------------

Human plasma was used to measure LCN2 levels in duplicates in 121 subjects with type 2 diabetes mellitus using the Quantikine ELISA Human Lipocalin‐2 Immunoassay (R&D Systems, Minneapolis, MN), according to the supplier.

*LCN2* mRNA Levels in Human Heart {#jah32297-sec-0019}
---------------------------------

We used data in the repository Gene Expression Omnibus series GSE1145 to investigate the levels of LCN2 in human idiopathic dilated hearts (n=11 control hearts and n=15 idiopathic dilated hearts). We performed a whole‐genome analysis using the Gene Expression Omnibus tools, including false discovery rate \<0.05, to determine whether LCN2 was overexpressed in human idiopathic dilated hearts.

GlycA Measurement {#jah32297-sec-0020}
-----------------

GlycA reflects the integrated concentrations and glycosylation states of several of the most abundant inflammatory acute‐phase glycoproteins[31](#jah32297-bib-0031){ref-type="ref"}, [32](#jah32297-bib-0032){ref-type="ref"} measured with a proton nuclear magnetic resonance metabolomics platform.[33](#jah32297-bib-0033){ref-type="ref"}

CRP Measurement {#jah32297-sec-0021}
---------------

High‐sensitivity CRP was quantified from serum samples using an automated analyzer with a latex turbidimetric immunoassay kit.

Coexpression Networks and Quantitative Trait Loci {#jah32297-sec-0022}
-------------------------------------------------

Transcriptome‐wide microarray profiling was performed on whole blood for 1650 individuals in the YFS as previously described.[24](#jah32297-bib-0024){ref-type="ref"} Briefly, stabilized total RNA was obtained from whole blood for individuals in the YFS. RNA was hybridized to Illumina HT‐12 (version 4; Illumina, San Diego, CA) BeadChip arrays, and raw probe data were exported with the Illumina BeadStudio software. Both positive and negative control probes were used to quantile normalize using the *limma* R package.[34](#jah32297-bib-0034){ref-type="ref"} Probe intensities were reported on a log~2~ scale.

Identification and characterization of the gene coexpression network analyzed in this study is described in Ritchie et al.[32](#jah32297-bib-0032){ref-type="ref"} Here, we defined the neutrophil module\'s coexpression as the Spearman\'s correlation coefficient between its 27 genes.[32](#jah32297-bib-0032){ref-type="ref"} The average expression was used for genes with multiple microarray probes. Edges in the coexpression network were defined as the magnitude of the correlation exponentiated to the power of 4. A vector summarizing module expression was calculated for association testing as the first eigenvector of a principal components analysis on module expression. This summary expression profile captured 57% of the total variation in module gene expression. Association analyses are described in the Statistical Analyses section below.

Genome‐wide genotyping was carried out on whole‐blood samples for 2442 individuals participating in the 2001 follow‐up study of the YFS as previously described.[25](#jah32297-bib-0025){ref-type="ref"} Sample and genotype quality control was performed for these 2442 individuals (Data [S1](#jah32297-sup-0001){ref-type="supplementary-material"}). A combined total of 6 721 082 directly genotyped and imputed single‐nucleotide polymorphisms (SNPs) passed quality control.

Module quantitative trait loci (QTLs) were identified for 1386 individuals with matched genotype and gene expression data in the YFS through a genome‐wide scan for SNPs associated with the summary expression profile using PLINK 1.90 beta (version 3.32). Individual associations were tested using a linear model of minor allele dosage on neutrophil module summary expression. An SNP was considered a module QTL where *P\<*5×10^−8^ (genome‐wide significance). Models were adjusted for age, sex, and the first 2 principal components of the genotype data. The module QTL, rs13297295, on chromosome 9 was further tested for an association with *LCN2* expression levels using the same model. Rs13297295 was also tested for association with GlycA and CRP in the 1712 individuals with matched genotype and GlycA or CRP data.

Statistical Analyses {#jah32297-sec-0023}
--------------------

R software (version 3.13; R Foundation for Statistical Computing, Vienna, Austria) was used for the analyses of the YFS data. The *NetRep* package (version 0.54) was used for network analyses.[35](#jah32297-bib-0035){ref-type="ref"} Measurements of GlycA, routine lipids, CRP, body mass index (BMI), heart function (measured as early filling \[E\] to early diastolic mitral annular velocity \[E′\]---E/E′ ratio, and E to late \[A\] diastolic filling---E/A ratio) were normalized using a natural logarithm transformation, and all continuous measurements were standardized to SD units in both cohorts. Module associations with the inflammatory biomarkers were assessed by linear regression of: neutrophil module expression on GlycA and CRP; linear regression of *LCN2* expression on GlycA and CRP. To assess whether *LCN2* was a mediator of the relationship between these biomarkers and the neutrophil module, we used linear regression of: GlycA and CRP on LCN2 expression and neutrophil module expression; CRP on LCN2 expression and neutrophil module expression; and GlycA on LCN2 expression and neutrophil module expression. All terms in the models were additive, and all models were adjusted for age and sex. Matched gene expression, GlycA, and CRP data were available for 1650 individuals. Associations between *LCN2* expression and echocardiographic measurements in the YFS (Table [S5](#jah32297-sup-0001){ref-type="supplementary-material"}) were tested by linear regression of each echocardiographic measurement on *LCN2* expression, adjusting for age and sex. Each association was considered significant where *P*\<0.05. Matched gene expression and echocardiographic data were available for between 1482 and 1573 individuals depending on the LV phenotype.

Inter‐ and intraassay coefficients of variability were calculated for ELISAs, and only less than 15% variability was accepted (hence 7 human samples from the type 2 diabetes mellitus cohort were excluded from further analyses). Human plasma LCN2 levels were not normally distributed; therefore, LCN2 was log transformed for the association analyses presented in Table [S3](#jah32297-sup-0001){ref-type="supplementary-material"}. An independent *t* test was used to assess differences in continuous variables between those with and without cardiac hypertrophy or chi‐square analyses for dichotomous variables. A general linear model analysis was performed to test for associations between presence of cardiac hypertrophy and plasma LCN2 levels after adjusting for variables from the univariable analysis with a *P* value of \<1.0 (age, sex, BMI, estimated glomerular filtration rate, and systolic blood pressure). We used untransformed LCN2 levels to perform Spearman Rho correlations between human plasma LCN2 and LV left ventricle mass and function in the type 2 diabetes mellitus cohort (Table [S6](#jah32297-sup-0001){ref-type="supplementary-material"}). Significance was set at *P*\<0.05.

Results from the animal groups were tested for normal distribution using the Skewness and Kurtosis tests. Independent sample *t* tests (with Welch\'s correction in the case of different variance) and ANOVA were used to compare the data between the animal groups. A 2‐way ANOVA was used to compare between Lcn2 expression in the different cell types in HHRs and NHRs.

Results {#jah32297-sec-0024}
=======

Lcn2 Is Associated With Cardiac Size in Experimental Genetic and Environmental Models {#jah32297-sec-0025}
-------------------------------------------------------------------------------------

### HHR and NHR {#jah32297-sec-0026}

A transcriptome analysis of neonatal P2 LV tissue identified 21 genes with significant differential expression between HHRs and NHRs (Table [S7](#jah32297-sup-0001){ref-type="supplementary-material"} and Figure [S1](#jah32297-sup-0001){ref-type="supplementary-material"}) involving pathways for cardiovascular system development and function, and cell growth and proliferation (Tables [S8](#jah32297-sup-0001){ref-type="supplementary-material"} and [S9](#jah32297-sup-0001){ref-type="supplementary-material"}), with *Lcn2* showing the greatest differential expression (q=7×10^−11^; Table [S7](#jah32297-sup-0001){ref-type="supplementary-material"}). Elevated cardiac Lcn2 expression was validated by qPCR at postnatal day 2 (Figure [1](#jah32297-fig-0001){ref-type="fig"}A) and was found to persist with established hypertrophy at 13 weeks of age and with the emergence of heart failure at 35 or 50 weeks of age (Figure [1](#jah32297-fig-0001){ref-type="fig"}B) and further confirmed by 25‐kDa Lcn2 monomer protein analyses (Figure [1](#jah32297-fig-0001){ref-type="fig"}C and [1](#jah32297-fig-0001){ref-type="fig"}D). Compared with its control strain, the NHR, we found significantly higher circulating Lcn2 in adult HHRs with established hypertrophy at 35 weeks of age (Figure [1](#jah32297-fig-0001){ref-type="fig"}E), but also soon after birth (Figure [1](#jah32297-fig-0001){ref-type="fig"}F) before hypertrophy is evident but cardiomyocyte numbers are already reduced. RNA and immunohistochemical studies (Figure [1](#jah32297-fig-0001){ref-type="fig"}G and [1](#jah32297-fig-0001){ref-type="fig"}H) showed Lcn2 expression in cardiomyocytes and noncardiomyocyte (fibroendothelial) cells. Correlation between cardiac *Lcn2* mRNA and plasma Lcn2 in the HHRs and NHRs was *r*=0.996 (*P*\<0.001).

![Overexpression of lipocalin‐2 (*Lcn2*) in a polygenic model of cardiac hypertrophy. A, Relative expression levels of *Lcn2* mRNA measured by real‐time PCR in the heart of 2‐day‐old hypertrophic heart rat (HHR; n=10) compared to normal heart rat (NHR; n=8; *P*\<0.0001), (B) 13‐week‐old (*P*=0.016; n=9/strain), 35‐week‐old (*P*\<0.001; n=8 NHR and n=11 HHR), and 50‐week old (*P*=0.0015; n=8 NHR and n=11 HHR) HHR compared to NHR. Heart Lcn2 (25‐kDa monomer) protein is significantly higher in the HHR compared with NHR, measured by both (C) western blot (*P*=0.039; n=3/strain) and (D) ELISA (*P*=0.029; n=4/strain). E, Rat plasma Lcn2 in 35‐week‐old (*P*=0.0009; n=6/strain) and (F) 2‐day‐old (*P*\<0.0001; n=5/strain) HHR compared to NHR. G, *Lcn2* mRNA in cardiomyocytes (*P*=0.013; n=4/strain) and noncardiomyocytes (*P*=0.03) in the NHR and HHR. The interaction explained 5.135% of total variation (*P*=0.138), the cell type 6.91% of variation (*P*=0.0899), and the strain explained the majority of variation (63.58%; *P*=0.0001). H, Lcn2 staining in NHR and HHR hearts (×400 magnification; scale bar=200μm). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001. Data shown as mean and error bars represent SEM.](JAH3-6-e005971-g001){#jah32297-fig-0001}

Sequencing the HHR and NHR *Lcn2* genes for comparison with the published sequence for spontaneously hypertensive rats and Fisher 344 (original progenitors of HHR and NHR), we found 3 unique SNPs in the HHR, all inherited from the spontaneously hypertensive rats, with 1 being intronic and 2 being upstream of the coding sequence (Figure [2](#jah32297-fig-0002){ref-type="fig"}A through [2](#jah32297-fig-0002){ref-type="fig"}D). In the HHR heart, both *Lcn2* mRNA and pre‐mRNA levels were increased (Figure [2](#jah32297-fig-0002){ref-type="fig"}E), suggesting a transcriptional dysregulation of *Lcn2* in the HHR. Transcription Factor Affinity Prediction (sTRAP)[36](#jah32297-bib-0036){ref-type="ref"}, [37](#jah32297-bib-0037){ref-type="ref"} analysis suggested that one of these SNPs (rs196968512) created a binding site for the enhancer, RAR‐related orphan receptor A (Figure [2](#jah32297-fig-0002){ref-type="fig"}B and [2](#jah32297-fig-0002){ref-type="fig"}F).[38](#jah32297-bib-0038){ref-type="ref"}

![Variants in the lipocalin‐2 (*Lcn2*) gene, showing regions with variants in the HHR, according to the Rat Genome Database (RGD; version 5). A, Genotype analysis of the region of 10 000 bp around the *Lcn2* gene, showing the origin of the variants observed in the HHR. Highlighted in gray are variants that differ from the reference genome, showing that the HHR carries 3 unique variants which were inherited from the SHR. B, Single‐nucleotide polymorphism (SNP) on chr3: 16 767 791 (rs196968512 C/T) 1401 bp upstream of Lcn2 gene. C, SNP on chr3: 16 767 398 (G/A) in a highly conserved region 1001 bp upstream the Lcn2 gene. D, Nonfunctional intronic SNP originally from SHR on position chr3: 16 763 494 (rs198262931 C/T). E, *Lcn2* pre‐mRNA is also upregulated in the HHR compared to the NHR (n=5/strain), suggesting that it is dysregulated at the transcriptional level. F, The SNP, rs196968512, creates a new binding site for the transcription factor, Rora (region underlined in B), which acts as an enhancer for expression of *Lcn2* and is exclusive of the HHR. The figure shows the binding site score and the *P* values for the binding of Rora to that region. chr3 indicates rat chromosome 3; F344, Fisher 344 rat; HHR, hypertrophic heart rat; N/A, nonannotated SNP;NHR, normal heart rat; RGD, reference sequence from the Rat Genome Database v5; SHR, spontaneously hypertensive rat.](JAH3-6-e005971-g002){#jah32297-fig-0002}

### Lcn2 knockout mice {#jah32297-sec-0027}

Hearts from adult mice with double knockout of the *Lcn2* gene (Lcn2‐KO)[39](#jah32297-bib-0039){ref-type="ref"} were significantly smaller than age‐matched wild‐type mice (cardiac weight index 5.4 versus 5.9 mg/g; *P*=0.03; Figure [3](#jah32297-fig-0003){ref-type="fig"}A). RNA‐sequencing of murine heart tissue from *Lcn2*‐KO versus wild‐type identified 16 significantly differentially expressed genes (Table [S10](#jah32297-sup-0001){ref-type="supplementary-material"}) that are relevant to pathways related to hypertrophic cardiomyopathies (Table [S11](#jah32297-sup-0001){ref-type="supplementary-material"}; Figure [3](#jah32297-fig-0003){ref-type="fig"}B and [3](#jah32297-fig-0003){ref-type="fig"}C).

![Heart size and associated pathways in lipocalin‐2 (Lcn2)‐knockout (KO) mice. A, Adult Lcn2‐knockout mice have smaller hearts (\**P*=0.033; n=4 wild‐type and n=6 Lcn2 KO). Data shown as mean and error bars represent standard error of mean. B, Genes and pathways differentially regulated in the heart of Lcn2‐knockout. Hypertrophic cardiomyopathy (KEGG mmu05410, *P*=0.0007) is shown in red, dilated cardiomyopathy in blue (Kyoto Encyclopedia of Genes and Genomes \[KEGG\] mmu05412; *P*=0.008) and arrhythmogenic right ventricular cardiomyopathy in yellow (KEGG mmu05412; *P*=0.0003). The genes of dilated cardiomyopathy and hypertrophic cardiomyopathy pathways were the same, and therefore lines are overlapped. Each edge point indicates the chromosomal location for genes identified in specific pathways from the differentially expressed genes. Bar plots are the differentially expressed genes in each pathway. Red depicts genes upregulated, and blue those downregulated, represented as log2 fold change. C, Gene ontology analysis, showing −log *P* value. ABC indicates ATP‐binding cassette; ECM extracellular matrix.](JAH3-6-e005971-g003){#jah32297-fig-0003}

### Intrauterine growth restricted rats {#jah32297-sec-0028}

Last, in an environmental model of intrauterine growth restriction,[18](#jah32297-bib-0018){ref-type="ref"}, [19](#jah32297-bib-0019){ref-type="ref"} we demonstrated that subsequent adult cardiac hypertrophy was associated with significantly higher levels of cardiac *Lcn2* mRNA (*P*=0.0214; Figure [4](#jah32297-fig-0004){ref-type="fig"}).

![Environmental model of cardiac hypertrophy overexpresses lipocalin‐2 (*Lcn2*) mRNA (\**P*=0.0214; n=16 sham and 9 restricted mice). Data shown as mean and error bars represent SEM.](JAH3-6-e005971-g004){#jah32297-fig-0004}

*Lcn2* Overexpression Induces Hypertrophy in Cardiomyocytes and reduces proliferation {#jah32297-sec-0029}
-------------------------------------------------------------------------------------

We next sought to determine whether increased *Lcn2* transcription in cardiomyocytes results in a hypertrophic phenotype. We transfected rat embryonic ventricular myocardial cells with a plasmid containing the *Lcn2* mRNA sequence and performed imaging and RNA‐sequencing analyses. Significant increase in the expression of *Lcn2* in transfected cells (log fold change=4.44; q=0.0005; Figure [S2](#jah32297-sup-0001){ref-type="supplementary-material"}) resulted in a significant increase in the size of transfected cells (Figure [5](#jah32297-fig-0005){ref-type="fig"}A and Figure [S3](#jah32297-sup-0001){ref-type="supplementary-material"}A). In these hypertrophic cells, we found significantly increased expression of 2 genes previously linked with hypertrophic cardiomyopathy---thrombospondin 2 (log fold change=−0.36; q=0.0005) and dynamin 1 (log fold change=−0.48; q=0.044).[40](#jah32297-bib-0040){ref-type="ref"}, [41](#jah32297-bib-0041){ref-type="ref"} In addition to hypertrophy, overexpression of *Lcn2* resulted in a significant decrease in cell numbers (Figure [5](#jah32297-fig-0005){ref-type="fig"}B) with a concomitant reduction in cells positive for phosphorylated histone H3, reflecting reduced cell mitosis (Figure [5](#jah32297-fig-0005){ref-type="fig"}C and Figure [S3](#jah32297-sup-0001){ref-type="supplementary-material"}B). No change in apoptosis was observed (Figure [S4](#jah32297-sup-0001){ref-type="supplementary-material"}). Pathway enrichment analysis of the 529 genes with nominally significant evidence of differential expression (unadjusted *P*\<0.05) between transfected and control myocytes suggested dysregulation of genes related to cell cycle (Kyoto Encyclopedia of Genes and Genomes rno04110; *P*=0.006). There was suggestive evidence for genes related to hypertrophic cardiomyopathy (Kyoto Encyclopedia of Genes and Genomes rno05410; *P*=0.07) and dilated cardiomyopathy (Kyoto Encyclopedia of Genes and Genomes rno05414; *P*=0.09; Figure [5](#jah32297-fig-0005){ref-type="fig"}D and [5](#jah32297-fig-0005){ref-type="fig"}E; Table [S12](#jah32297-sup-0001){ref-type="supplementary-material"}).

![Role of lipocalin‐2 (*Lcn2*) in cardiac cells. A, Representation of wheat‐germ agglutinin (red) and DAPI (blue) staining, used to estimate cell size (×400 magnification; scale bar=60 μm). Overexpression of Lcn2 increased the size of the cells when compared with cells transfected with the empty plasmid (*P*\<0.0001). B, Overexpression of Lcn2 reduced the number of cells measured by hemocytometer (*P*=0.0052). C, Overexpression of Lcn2 resulted in cell‐cycle arrest, observed by reduced phosphorylation of histone H3 (pH3; ×200 magnification; scale bar=100 μm; *P*\<0.0001). D, Genes and pathways differentially regulated with overexpression of Lcn2. Cell cycle (Kyoto Encyclopedia of Genes and Genomes \[KEGG\] rno04110; *P*=0.006) is shown in green, hypertrophic cardiomyopathy (KEGG rno05410, *P*=0.07) in red, and dilated cardiomyopathy (KEGG rno05414; *P*=0.09) in blue. Genes of dilated cardiomyopathy and hypertrophic cardiomyopathy pathways were the same, and therefore lines overlapped. Each edge point indicates the chromosomal location for genes identified in specific pathways from the differentially expressed genes. Bar plots are the differentially expressed genes in each pathway. Red depicts genes upregulated, and blue those downregulated, represented as log2 fold change. E, Gene ontology analysis, showing −log *P* value. All experiments were run in 3 independent experiments, with at least 3 replicates each (total, 9 replicates). For experiments involving confocal microscopy, 10 different fields were analyzed per replicate. Positive controls were added to all experiments. \*\**P*\<0.01; \*\*\**P*\<0.001. Data shown as mean and error bars represent SEM.](JAH3-6-e005971-g005){#jah32297-fig-0005}

Human LCN2 Is Associated With LV Hypertrophy in Diabetes Mellitus {#jah32297-sec-0030}
-----------------------------------------------------------------

Obesity and type 2 diabetes mellitus have been associated with elevated levels of plasma LCN2.[42](#jah32297-bib-0042){ref-type="ref"}, [43](#jah32297-bib-0043){ref-type="ref"} Independently from those findings, cardiac hypertrophy has been associated with diastolic dysfunction and is recognized as a diabetic complication.[44](#jah32297-bib-0044){ref-type="ref"} However, whether cardiac hypertrophy and diastolic dysfunction in type 2 diabetic patients is associated with high LCN2 levels is not known. Echocardiographic assessment of 114 patients with type 2 diabetes mellitus and normal renal function revealed significantly higher levels of mean plasma LCN2 in the 30 diabetic subjects with LV hypertrophy than those 84 without 44.0 ng/mL \[95% CI, 38.3−50.6\] versus 36.0 ng/mL \[33.1−39.2\] *P*=0.017) that remained after adjustment for age, sex, BMI, estimated glomerular filtration rate, and systolic blood pressure (*P*=0.034; Figure [6](#jah32297-fig-0006){ref-type="fig"}A). There was a positive correlation between LCN2 levels and LV mass (n=114; Spearman\'s *r*=0.22; *P*=0.018; Figure [6](#jah32297-fig-0006){ref-type="fig"}B and Table [S6](#jah32297-sup-0001){ref-type="supplementary-material"}). In diabetic subjects with cardiac hypertrophy, there was evidence of diastolic dysfunction (Table [S3](#jah32297-sup-0001){ref-type="supplementary-material"}) with a significantly increased E/E′ ratio (mean±SD 15.2±4.5 versus 11.4±3.5; *P*\<0.0001), but there was no association between these measurements and LCN2 (Table [S6](#jah32297-sup-0001){ref-type="supplementary-material"}).

![Lipocalin‐2 (LCN2) is associated with human cardiac hypertrophy. A, Plasma levels of LCN2 were higher in patients with echocardiographically determined left ventricular hypertrophy (n=30) compared with those without (n=84; *P*=0.017, showing the median and 95% CI). B, There was a positive correlation between LCN2 levels and left ventricular mass (n=114; Spearman\'s *r*=0.22; *P*=0.018). C, LCN2 was overexpressed in human idiopathic dilated hearts compared with normal hearts (*P*=0.008 after adjustment for false discovery rate). Data shown as mean and error bars represent SEM. \**P*\<0.05; \*\**P*\<0.01.](JAH3-6-e005971-g006){#jah32297-fig-0006}

*LCN2* mRNA Is the Human Heart {#jah32297-sec-0031}
------------------------------

From subjects with idiopathic dilated cardiomyopathy, cardiac RNA expression data in a public repository (GSE1145) revealed overexpression of cardiac *LCN2* after adjustment for multiple comparisons (Figure [6](#jah32297-fig-0006){ref-type="fig"}C; false discovery rate, q=0.008).

*LCN2* Expression, Cardiac Size and Function, and BMI in the YFS {#jah32297-sec-0032}
----------------------------------------------------------------

In the 1590 YFS individuals (mean age, 42 years) with matched echocardiographic and whole‐blood gene expression data, linear regression analysis adjusted for age and sex showed that *LCN2* expression was associated with various structural and functional LV phenotypes (Table [S5](#jah32297-sup-0001){ref-type="supplementary-material"}). Higher *LCN2* expression was associated with increased heart rate (*P*=6×10^−6^), LV end‐diastolic volume (*P*=0.02), and cardiac output (*P*=3×10^−6^). LV mass (*P*=5×10^−5^) and thickness of the interventricular septum (*P*=8×10^−4^) were also positively correlated with *LCN2* expression. Although the negative correlation between *LCN2* expression and E/A ratio (*P*=5×10^−4^) suggested diastolic impairment, this might have been confounded by the increased heart rate,[45](#jah32297-bib-0045){ref-type="ref"} given that other measures of diastolic function (E/E′ ratio, mitral E‐wave declaration time, and isovolumic relaxation time) did not show significant correlations with *LCN2* expression (Table [S5](#jah32297-sup-0001){ref-type="supplementary-material"}). There was also no significant correlation between *LCN2* expression and indices of systolic function, including ejection fraction and systolic wall velocities (Table [S5](#jah32297-sup-0001){ref-type="supplementary-material"}). In addition, *LCN2* expression correlated significantly with BMI (*r*=0.33; 95% CI, 0.28--0.37; *P*=8×10^−42^). In terms of LV phenotypes, BMI was associated with increased LV size, heart rate, end‐diastolic volume, and cardiac output (data not shown). There was also more consistent evidence of reduced diastolic function with increasing BMI, although systolic function was normal. Regression models that included *LCN2* expression and BMI revealed that the correlation between BMI and *LCN2* expression could account for the associations observed for *LCN2* expression alone (data not shown). This has been reported previously and interpreted as part of the low‐grade inflammatory activation that accompanies obesity and predisposes to insulin resistance and type 2 diabetes mellitus.[42](#jah32297-bib-0042){ref-type="ref"}

LCN2 Is Central to a Neutrophil Gene Coexpression Network and Is Under Genetic Control {#jah32297-sec-0033}
--------------------------------------------------------------------------------------

Previous analysis of whole‐blood gene expression data identified a reproducible tightly coexpressed gene module associated with elevated levels of inflammatory markers in 2 independent healthy population studies.[32](#jah32297-bib-0032){ref-type="ref"} This module was significantly enriched for genes involved in the innate immune response, in particular neutrophil function.[32](#jah32297-bib-0032){ref-type="ref"} Among these, the expression of *LCN2* showed high centrality to the neutrophil module (Figure [7](#jah32297-fig-0007){ref-type="fig"}), with a scaled connectivity (Data [S1](#jah32297-sup-0001){ref-type="supplementary-material"}) of 0.65 and a correlation of 0.89 with the module\'s summary expression profile. In a healthy population of 1650 individuals from the YFS cohort (Table [S4](#jah32297-sup-0001){ref-type="supplementary-material"}), we found that the module summary expression was independently associated with both GlycA (β=0.16; 95% CI, 0.11-- 0.21; *P*=2×10^−9^) and CRP (β=0.15; 95% CI, 0.093--0.20; *P*=5×10^−8^) when both were included in the same model, suggesting the module is related to inflammatory processes reflected by both biomarkers. Although *LCN2* expression itself was independently associated with both GlycA (β=0.18; 95% CI, 0.12--0.23; *P*=7×10^−11^) and CRP (β=0.19; 95% CI, 0.14--0.24; *P*=3×10^−12^), GlycA and CRP were no longer significant when *LCN2* was included in the model. This suggests that *LCN2* on its own is a better predictor of the module summary profile. To determine the potential genetic determinants of the neutrophil module function, we performed a QTL scan on the neutrophil module\'s summary expression (Data [S1](#jah32297-sup-0001){ref-type="supplementary-material"}) in 1650 healthy individuals from the YFS cohort. We found that rs13297295, the top module QTL, was located 750 kb downstream from *LCN2* to which it was a *cis*‐eQTL, with each "C" allele at rs13297295 increasing expression of *LCN2* by 0.39 SD (*P*=2×10^−9^; adjusted for age, sex, and 2 genetic principal components). There was no detectable association between rs13297295 and CRP or GlycA. Taken together, these results suggest that increased *LCN2* expression is central to the inflammatory gene module.

![Neutrophil module: An inflammatory biomarker associated coexpression network is under genetic control of a *cis*‐eQTL of lipocalin‐2 (*LCN2*). A, coexpression heatmap (Spearman\'s correlation) and scaled network connectivity ([Methods](#jah32297-sec-0009){ref-type="sec"}) of genes composing the neutrophil module in the YFS (n=1650). B, Box plots of age‐ and sex‐adjusted *LCN2* expression in individuals with differing dosages of the rs13297295 minor allele ("C"). C, Locus zoom plot of the 1‐MB region around *LCN2* showing association on the *y*‐axis (−log~10~ *P* value) between each single‐nucleotide polymorphism (points) and *LCN2* expression, recombination rate in the EUR population in that region (blue line underneath the points), and *r* ^2^ between each SNP and rs13297295 (point color).](JAH3-6-e005971-g007){#jah32297-fig-0007}

Discussion {#jah32297-sec-0034}
==========

Our experimental and human studies reveal increased levels of LCN2 as a consistent correlate of cardiac hypertrophy (summarized in Figure [8](#jah32297-fig-0008){ref-type="fig"}). This relationship existed in the HHR polygenic model of spontaneous cardiac hypertrophy leading to heart failure, in Lcn2 gene knockout mice, but also in an environmental model of cardiac hypertrophy following intrauterine growth retardation. In human studies, LCN2 was associated with cardiac hypertrophy in healthy subjects of the YFS and in patients with type 2 diabetes mellitus. Importantly, our in vitro studies of *Lcn2* overexpression showed that it can activate hypertrophic pathways and cause an increase in cardiomyocyte size but a decrease in their proliferation. Irrespective of the primary cause of increased LCN2, these direct cellular effects provide a common fundamental pathophysiology for the contribution of LCN2 to cardiac hypertrophy.

![Diagram showing summary of findings. LCN2 indicates lipocalin‐2; SNP, single‐nucleotide polymorphism.](JAH3-6-e005971-g008){#jah32297-fig-0008}

This is the first time that a specific cardiomyocyte hypertrophic effect of LCN2 has been demonstrated. Previous studies have focused on the effects of LCN2 on the interstitial matrix through induction of the proteinase, MMP9. This is relevant to the degradation of intercellular matrix as part of the remodeling of the heart during the development of hypertrophy. However, we could find no significant variation in MMP9 expression in association with changes in *Lcn2* in HHR and *Lcn2* knockout mice (data not shown). It would also be beneficial to submit *Lcn2* knockout mice to stressors such as transverse aortic constriction to further understand the role of *Lcn2* in heart disease, but this was outside the scope of this study.

Interestingly, we observed that *Lcn2* expression reduced in vitro cardiomyocyte proliferation and cell numbers. It might seem counterintuitive that a limitation of cardiomyocyte numbers would contribute to cardiac hypertrophy. However, in very early life, when cardiomyocyte replication establishes the endowment of cardiac contractile cells, the actions of *Lcn2* to reduce cell numbers could have long‐lasting effects.[46](#jah32297-bib-0046){ref-type="ref"} Fewer cells means greater individual workload resulting in hypertrophy. We have shown previously that the HHR has a reduced complement of cardiomyocytes in early postnatal life, an age at which we discovered cardiac *Lcn2* to be highly expressed. Although we have no measurements of cardiomyocyte numbers in the early postnatal period following intrauterine growth restriction, other studies have shown that birth weight is associated with reduced numbers of cardiomyocytes,[47](#jah32297-bib-0047){ref-type="ref"} and very early protein restriction has been associated with increased cardiomyocyte apoptosis.[48](#jah32297-bib-0048){ref-type="ref"} Therefore, increased *Lcn2* very early in life (whether genetic or environmental in origin) could predispose to hypertrophy through effects on cell number. The propensity for hypertrophy would be magnified by any persistent increase in *Lcn2* levels into adulthood, as we saw in the HHR and in adult animals that had experienced intrauterine growth retardation.

In our human analyses, we found that LCN2 expression correlated significantly with cardiac size in healthy subjects in the YFS. Cardiac size also correlated with BMI in these subjects. Increased BMI is known to augment LCN2, probably as part of the induction of a chronic mild inflammatory state.[49](#jah32297-bib-0049){ref-type="ref"} Given the direct effects of LCN2 on cardiomyocyte hypertrophy, it is not unreasonable to suggest that at least part of the influence of BMI on heart size might be mediated through increases in LCN2. Diabetes mellitus is also characterized as a state of chronic inflammation and cardiac hypertrophy is a common finding patients with type 2 diabetes mellitus.[50](#jah32297-bib-0050){ref-type="ref"} We found that diabetic patients with cardiac hypertrophy had significantly higher plasma concentrations of LCN2, even after adjustment of BMI, renal function, and blood pressure. In the absence of other measures of inflammatory markers, we cannot be certain of the explanation of the elevated LCN2 in those diabetics with cardiac hypertrophy.

The factors that might increase LCN2 deserve consideration. LCN2 exhibits complex and tissue‐specific regulation and pathophysiology relevant to a broad portfolio of biological functions and disease involvements, including bacterial infection, inflammation, cancer, renal damage, obesity, and, more recently, CVD.[51](#jah32297-bib-0051){ref-type="ref"}

In the YFS, the associations between LCN2 and the biomarkers, CRP and GlycA, suggest that underlying activation of inflammatory pathways might be responsible. LCN2 is released from neutrophils in response to inflammatory cytokines, including tumor necrosis factor‐α, interleukin‐1β and interleukin‐6.[51](#jah32297-bib-0051){ref-type="ref"} We analyzed the transcriptional subnetworks associated with the biomarkers of low‐grade inflammation in otherwise healthy individuals of the YFS. LCN2 expression appeared central to a coexpression module representing proteins secreted or expressed by neutrophils as part of the innate immune response.[32](#jah32297-bib-0032){ref-type="ref"} The expression of this neutrophil module was significantly associated with levels of both CRP and GlycA. Expression QTL analyses identified a common human genetic variant that increased *LCN2* levels (rs13297295 "C" allele) and was also positively associated with module expression. Despite limited power to detect hypertrophic phenotype associations, further studies of this *LCN2* eQTL in human cardiomyocytes is warranted.

In relation to increased *Lcn2* expression in the HHR, evidence of underlying activation of inflammatory pathways is less clear. We could find no significant differential cardiac expression in neonatal HHR of the cytokines, tumor necrosis factor‐α, interleukin‐1β, or interleukin‐6, or the acute‐phase reactants that comprise the majority of GlycA (data not shown). Nor was there any significant association of Lcn2 with MMP9 expression. Given the polygenic nature of the HHR, other genetic factors are presumed to drive the higher *Lcn2* expression. In a simple candidate gene approach, we identified 3 differences in DNA sequence in and around the *Lcn2* gene between HHR and NHR, 1 of which (rs196968512) created a binding site for the transcriptional enhancer, RAR‐related orphan receptor A. The significance of this SNP and other polymorphisms requires further investigation in cross‐breeding linkage analyses.

The downstream effects of Lcn2 on cardiac expression pathways were reasonably consistent with changes in the pathways typically associated with hypertrophy observed in the HHR, the *Lcn2* knockout mice, and in cultured cardiomyocytes. Of particular interest, in vitro *Lcn2* overexpression downregulated the genes for dynamin 1 and thrombospondin 2 in cardiomyocytes. Mice with a mutation in the gene for dynamin 1 develop dilated cardiomyopathy through mitochondria defect and thus energy deficiency in the heart.[40](#jah32297-bib-0040){ref-type="ref"} thrombospondin 2*‐*knockout mice also display dilated cardiomyopathy with progressive cardiomyocyte stress and death.[41](#jah32297-bib-0041){ref-type="ref"}

Our findings add to the evidence supporting a role for LCN2 in CVD, likely through inflammatory processes. Previous studies have shown LCN2 to be associated with atherosclerosis and plaque instability, endothelial dysfunction, oxidative stress,[52](#jah32297-bib-0052){ref-type="ref"} interstitial fibrosis,[53](#jah32297-bib-0053){ref-type="ref"} myocarditis, cardiac remodeling, and heart failure.[54](#jah32297-bib-0054){ref-type="ref"}, [55](#jah32297-bib-0055){ref-type="ref"} Baseline circulating LCN2 levels have been independently associated with subsequent development of CVD in 1 population study[56](#jah32297-bib-0056){ref-type="ref"} and in a 4‐year follow‐up after cerebrovascular ischemia study.[57](#jah32297-bib-0057){ref-type="ref"}

Perspectives {#jah32297-sec-0035}
------------

The actions of LCN2 that we have observed on cardiomyocyte division and growth have implications for the development of cardiac hypertrophy and failure. The timing of the actions of LCN2 is also important. In the perinatal period, LCN2 could reduce the endowment of cardiomyocytes. In adulthood, LCN2 would tend to augment cardiomyocyte hypertrophy in response to any form of myocardial injury. The stimuli to LCN2 expression are both genetic---as in the HHR polygenic model in rats and possibly in the case of rs13297295 in man---and also environmental, as in the case of early‐life deprivation or other inflammatory activators, such as obesity and type 2 diabetes mellitus. Unfortunately, there are no human data regarding LCN2 in the neonatal period, and it is yet to be determined whether adult human cardiac hypertrophy might have its origin in reduced numbers of cardiomyocytes, but this emerges as a fascinating and important possibility.
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**Data S1.** Supplemental methods.

**Table S1.** Primers and Conditions Used to Validate Microarray Gene Expression Results

**Table S2.** RNA‐Sequencing Alignment Characteristics of Individual Sample

**Table S3.** Characteristics of the Participants in the Type 2 Diabetes Mellitus Cohort

**Table S4.** Characteristics of Individuals From the YFS Cohort

**Table S5.** Linear Regression of LV Phenotypes on *LCN2* Expression in the YFS. Models Were Adjusted for Age and Sex. Effect Size Indicates SD Change in Left Ventricular (LV) Phenotype Per SD Increase in *LCN2* Expression

**Table S6.** Correlation of Plasma LCN2 With Echocardiogram Parameters in the Type 2 Diabetes Mellitus Cohort

**Table S7.** Transcriptome‐Wide Gene Expression Array Results Showing Genes Differentially Expressed in the Heart of Neonatal HHR (n=8) and NHR (n=8; Only Showing Genes With *P* Value Adjusted by Bonferroni \<0.05 and Fold Difference \>2)

**Table S8.** Gene Ontology Analysis With All Genes Differentially Expressed With Bonferroni‐Adjusted *P*\<0.05

**Table S9.** Gene Set Enrichment Analysis, Based on Gene Ontology, of the Gene List for Differentially Expressed Genes Between HHR and NHR (*P*\<0.05)

**Table S10.** Genes Differentially Expressed Between Lcn2‐Knockout Compared to Wild‐Type Mice Identified by RNA‐Sequencing (n=3/Group). Here Shown Only Genes With False Discovery Rate (FDR) q\<0.05

**Table S11.** Gene Set Enrichment Analysis With Differentially Expressed Genes Between Lcn2‐Knockout Compared to Wild‐Type Mice

**Table S12.** Gene Set Enrichment Analysis With the Differentially Expressed Genes Between Cells Transfected With Lcn2 or Empty Plasmid

**Figure S1.** Hierarchical clustering showing that neonatal hypertrophic heart rat (HHR; blue) and normal heart rat (NHR; orange) form distinct groups based on gene expression (genes with Bonferroni adjustment \<0.05). Numbers on the right are probe‐set numbers. Red depicts genes upregulated and green those downregulated.

**Figure S2.** Overexpression of *Lcn2* in vitro. *Lcn2* was overexpressed in H9c2 cells with the use of a plasmid. A, Optimization of the concentration of Lcn2 plasmid in vitro. B, There were higher Lcn2 mRNA in cells transfected with LCN2 plasmid. C, Overexpression of in cells Lcn2 visualized by immunofluorescence. D, There was no difference in apoptotic cells measured by flow cytometry in cells transfected with Lcn2 compared to those transfected with empty plasmid. \*\*\**P*\<0.001. Error bars represent SEM.

**Figure S3.** Representative of confocal microscopy images after transfection with Lcn2 plasmid, which provided results for Figure [4](#jah32297-fig-0004){ref-type="fig"} in the main paper. A, Wheat‐germ agglutinin (WGA; red) and DAPI (blue) staining, used to estimate cell size (×400 magnification; scale bar=60 μm). B, Phospho‐histone H3 (pH3; green) and DAPI (blue), used to estimate cell proliferation and arrest (×200 magnification; scale bar=100μm).

**Figure S4.** There was no difference in apoptotic cells measured by flow cytometry in cells transfected with Lcn2 compared to those transfected with empty plasmid, demonstrated by Annexin V bound to apoptotic cells determined by flow cytometry. Data shown as number of cells as a percentage of the total number of cells. Error bars represent SEM.
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